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(54) Method of and apparatus for determining substrate offset using optimization techniques 



(57) Dynamic alignment of a wafer with a support 
blade that carries the wafer is provided by making a de- 
termination of an approximate value of an offset of the 
wafer with respect to a desired location of the wafer in 
a module. This determination is in terms of a statement 
of an optimization program, which effectively keeps an 
offset computation time period within a wafer transfer 
time period. By a method, and by programming a com- 
puter, the wafer is picked up from a first location using 
an end effector and the end effector is moved to transfer 
the picked up wafer from the first location past a set of 
sensors to produce sensor data. In the event of an un- 
known offset of a wafer, the picking up operation results 



in the picked up wafer being misaligned with respect to 
a desired position of the picked up wafer on the end ef- 
fector. When the desired location corresponds to origi- 
nal target coordinates to which the end effector normally 
moves, the original target coordinates are modified to 
compensate for the approximate value of the offset. The 
end effector is then caused to place the picked up wafer 
at the modified target coordinates to compensate forthe 
unknown offset and the misalignment. By determining 
the amount of such wafer offset using the optimization 
program , the probability of convergence to a precise val- 
ue of the offset is higher than with non-optimization pro- 
grams. 
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Description 



SL?! P f lnVent '°, n relat8S 9enera " y t0 transfe ™9 wafers among modules of semiconductor processing 
equipment, and more P art.cularly to dynamic alignment of each wafer with a support blade that carries thT wa ef 

nzZZ r m ' C a " 9n ? ent 3PPara,US and m6th0dS define ' as a statement of an Nation p£31£££ 

[0002] In the manufacture of semiconductor devices, process chambers are interfaced to permit transfer of wafers 
or subs rates, for example, between the interfaced chambers. Such transfer is via transport tmTdu es t h a move the 

moS ° a Tr P le, r r ° U9 !; S ' 0tS ° rp0rtSthat are P rovided in the acijacent walls of the Me^Z^ersZnsX 
modules are generally used .n conjunction with a variety of wafer processing modules, which may include semteon 

maTds for ZT™' TT ^ ** P ^ disp,a * etchin 9 S 

mands for cleanliness and high processing precision, there has been a growing need to reduce the amount^Thuman 
interact.cn dunng and between processing steps. This need has been partially met with the ImptemenZ ofvacZ 

ZTJtrl * COndrt '° nS) ' By Way ° f 6Xample - 3 V3CUUm trans P° rt module ma V ^ Physicallrlocated between 

ZZ ; r °° m St ° rage fadlitieS Wh6re WaferS are stored ' and mul,i P ,e wafe " Passing modSs where the 

Tu*JilT V Pr ° CeSS ! d ' e9 ' StChed ° r h3Ve deposition P erformed lhereon ' '""his manner, when ^ater is 

Z f n9 'f rob0t ,0Cat6d Within thS tranSp0ft m0dUle ma * be em P'°y ed t0 «*rieve a selecteTwafer 

from storage and place it into one of the multiple processing modules 

[0003] As is well known to those skilled in the art, the arrangement of transport modules to "transport" wafers amona 

1 depicts atypical sem.conductor process cluster architecture 100 illustrating the various chambers thJnterface with 
a vacuum transport module 1 06. Vacuum transport module 1 06 is shown coupled to three processing module^OSa 
08c wh 'f ™V be individually optimized to perform various fabrication processes. By way of ex3e pt^t a 

o"r s ^ 

[0004] Connected to vacuum transport module 1 06 is a load lock 1 04 that may be implemented to introduce wafers 

a Edition oTeno n a SPO t " J 06 ' ^ ** 104 * ^ * 3 dean ™™ 10 " whe ' e wafers are 3 ,n 
addition to be,ngaretnev,ngandsemngmechanism,loadlock104also S ervesasa P ressure-varyinginterfacebelween 
vacuum transport module 106and clean room 102. Therefore, vacuum tnmwmL.loern^S^SSSS 
pressure (e.g., vacuum), while clean room 102 is kept at atmospheric pressure Kept at a constant 

0005] Consistent with the growing demands for cleanliness and high processing precision, the amount of human 
mteraction dunng and between processing steps has b 

may be from the clean room 102 to the load lock 1 04, or from the load lock 1 04 to the vacuum transport mod e 1 06 

reduce 1 he\™T M ^ * * ^ 108a ' for exam P le - Whila ^KlSSiS 

tenZ P„T f ? C ° ntaCt ^ 6aCh Wafer ' Pr ° blems have been experienced in the use of robots for wafer 
ransfer. For example, in a clean room a blade of a robot may be used to pick a wafer from a cassette and DlaceTnn 
.ngers provided in .he ,«oad lock 104. However, the center of ftewBhrmay^beaccu^S^^^ 

o 1! Tl b ' ade ° f the r ° b0t ° f the VaCUUm ""^ ™M* P^ S the wafer from e fi qers 

of he load lock 1 04, the center of the wafer may not be properly located, or aligned, relative to the centerXe blade 

^ZIT/. ; Center " b ' ade C6nter ali9nment ' alS ° referred t0 as "wafer-blade misalignment" or simp! 

misa ignment - continues as the robot performs an "extend" operation, by which the blade (and the waSril by 

m^^ 

[0006] Even if there was proper original wafer-blade alignment when the wafer was initially placed in the exemolarv 
processing module 1 08a, and even though the wafer may have thus been properly aligne d ring 
exemplary processing module 108a, the proper alignment may be interfered with. For example el^Snucks 
generally used ,n the exemplary processing modules 1 08a may have a residual electrostatic flS'tSS^SSS 
discharged after completion of the processing. In this situation, the processed wafer may suddenly ^ol detach 
from the chuc . As a result, the wafer may become improperly positioned with respect to the robot blade that P S the 
processed wafer off the chuck. Thus, when the blade of the robot of the vacuum transport module 1 06 picks the oroc 

bfade^ 

blade. Th.s wafer misalignment may continue as the robot performs a "retract" operation, by which the blade fand ml 

the bla T re moved through the slot in the processin9 ™ dule 108 - s - h 
ZZX^X^S™ operation by whfch the wafer is p,aced in — - - »• 

the wafer ,s placed on p,ns « the processing module 108a), and the above-described wafer misalignment blfor^ a 
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retract operation (which may continue during a subsequent extend operation by which the wafer is placed in another 
one of the processing modules 108b, or in the load lock 104) results in placement of the wafer at a location that is 
offset from a desired location on the pins of the module 108a or module 108b or in the load lock 104. 
[0008] Wafer misalignment, and resulting offset, are sources of wafer processing errors, and are of course to be 

5 avoided. It is also clear that the amount of time the robots take to transfer a wafer among the modules (the "wafer 
transfer time period") is an amount of time that is not available for performing processing on the wafer, i.e., the wafer 
transfer time period is wasted time. Thus, there is an unfilled need to both monitor the amount of such wafer misalign- 
ment, and to perform such monitoring without increasing the wafer transfer time period. One aspect of monitoring the 
amount of wafer misalignment, or of determining the amount of such wafer offset, is the period of time required to 

10 compute the offset (the "offset computation time period"). If increases in the wafer transfer time period are to be avoided 
yet the amount of such wafer offset is to be determined to a sufficient degree of offset accuracy before the wafer is 
placed relative to the desired location, the offset computation time period must be no more than a portion of the wafer 
transfer time period. 

[0009] A problem complicating such monitoring of wafer misalignment is that a wafer may be transferred from (or 
f5 to) the one vacuum transport module 106 to (or from) as many as six, for example, processing modules, e.g., 108a. 
In the past, attempts to determine whether a wafer is properly aligned on the blade of a robot have included use of 
many sensors between adjacent modules. Sensors on opposite sides of a wafer transfer path have been located 
symmetrically with respect to the wafertransfer path. The symmetrically opposed sensors produce simultaneous output 
signals, and one data processor has to be provided for each such sensor. The combination of these factors (i.e., the 
20 possible use of six processing modules plus the vacuum transport module, the use of many symmetrically located 
opposing sensors per module; and the use of one data processor per sensor) result in increased complexity and the 
need for many costly processors for a cluster tool architecture. In view of the need to provide cluster tool architectures 
that are more cost-efficient, the incorporation of separate data processors for each sensor can make a system prohib- 
itively expensive. 

25 [0010] Another aspect of providing cluster tool architectures that are more cost-efficient relates to the cost of ma- 
chining the modules and the load locks to provide apertures in which sensors, such as through-beam sensors, may 
be received. As the accuracy of such machining is increased to more accurately locate the sensors with respect to the 
robots, for example, there are increased costs of such precision machining. What is needed is a way of requiring less 
accuracy in machining the apertures for the sensors without sacrificing the accuracy of detections made using the 

30 sensors. 

[0011] The use of such through-beam sensors also presents problems in the design of apparatus for monitoring 
wafer misalignment. For example, when a wafer moves through a light beam of such a through-beam sensor and 
breaks the beam, it takes a period of time (latency period) for the sensor to output a pulse indicative of the breaking 
of the beam. Since the wafer is moving relative to the sensor, and when the purpose of the sensor is to determine the 
35 location of the wafer, by the time the output pulse is generated (at the end of the latency period) the wafer will have 
moved from the location of the wafer when the beam was broken. The latency period is a source of errors in the use 
of the through-beam sensors. What is also needed then is a way of reducing the errors caused by the latency period 
of through-beam sensors. 

[0012] In view of the forgoing, there is a need for methods and apparatus for wafer alignment that operate while the 
40 wafer is being transported without increasing the wafer transport time period (e.g., without reducing the rate of transfer 
of the wafer among the modules or load locks nor increasing the total time required to transfer a wafer to the desired 
location). Such method and apparatus should not only avoid having an offset computation time period longer than the 
wafer transfer time period, but should also result in determinations of the wafer offset having a significantly improved 
degree of accuracy. Further, the number of data processors per sensor should be reduced, and there should be a 
4 5 reduction of the total number of data processors used for determination of wafer misalignment in an entire cluster tool 
architecture. Such method and apparatus desirably also require less accuracy in machining the apertures for the sen- 
sors, without sacrificing the accuracy of detections made using the sensors. Another aspect of the desired method and 
apparatus is to reduce errors resulting from the latency period in using through-beam sensors to make wafer alignment 
determinations. 

50 

SUMMARY OF THE INVENTION 

[0013] Broadly speaking, the present invention fills these needs by providing dynamic alignment of each wafer with 
a support blade that carries the wafer. Dynamic alignment apparatus and methods define the determination of an 
55 approximate value of an offset of the wafer with respect to a desired location of the wafer on the support blade , and 
this determination is in terms of a statement of an optimization program. By stating the task of determination of this 
approximate offset value with respect to an optimization program, the offset computation time period required to com- 
pute the approximate value of the offset effectively stays within the wafer transfer time period, and the probability of a 
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SET o£ rr?I° 3 Pr6CiSe V3lUe ° f tHe 0ffS6t iS hl '9 h6r than with ^-optimization programs. 
So, a w af e S I o^ToTh ""h. 0 " 5 " ""J* ^ aPParatUS f ° r dete ™ nin 9 an ™* * » unknown 
effec or anote eTd JZf J?* '° n " Wherei " the Wafer is picked up from a firs < looaBon using an end 
5 «Z£L senior R " ^ * * e PICked Up Wafer fr0m the first locati °" P« * set of sensors to 

SfrS y Pr ° CeSSing the SSnSOr data using an optimization program, this aspect effectively keeps the 
offset computation t.me penod required for the determination of the approximate value of the unknoTSt less than 

T^S^SSZ S°t d h 6 When the °f imi f ion pr09ram is a most preferred simp,e * ^^ZTlZo^ 

oerfod but tJI 2 ? approximate value of the offset will be determined within the offset computation time 
- -n^ 

[0015] Another aspect of the present invention relates to the event of an unknown offset of a wafer such that Mm 

T* " PiCk6d UP ^ bein9 misa, '9 ned with «P« to a desired postn oSe pbked 
effector „l2J T ^ *' deS ' red ' 0Cati0n C °^P°<^ to original target coordinates to J^t£S5 

coupon nts "e ST"- k V C ° mp ° nent V" ™e Present invention determines *,e valueThe 

F =E[fl-V(^-^) 2 +(^-e y ) 2 f 

mm t?" v*** h3S 3 radiUS " R " fr0m 3 center of the waf er t0 an ed 9 e <* »e wafer. 
Emumv^ 

Elf ALT fU T h er aSP6Ct ° f thS PreS6nt inVenti0n relates t0 a method for determining an amount of an unknown 
offset of a wafer w,th respect to a desired location within a wafer handling system In this aspect a robot havino tn tnH 

SU«n«S' v V**™ 'T"" 0 " Pr0V ' aeS that ' he pr0Cessi "9 °" e ' at »" ""'*»• lo- 

El ,° h rJa*r 8 ss , 0 i , , h ,: tt T"t re,a,es ,o a compu,e ' *" * ,e ™ ni "» » -™« « „ u „ k „„„„ 
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the end effector to move and transport the picked up wafer from the first location past a set of sensors to produce 
sensor data. Finally, programming processes the sensor data using an optimization program to determine an approx- 
imate value of the unknown offset. 

[0022] By the described aspects of determining the amount of such wafer offset, the offset computation time period 
5 is normally less than the wafer transfer time period, and is normally substantially less than the wafer transfer time 
period. As compared to the geometric (non-optimization) techniques, the optimization programs provide significantly 
less error in the value determined for the offset. 

[0023] Other aspects and advantages of the invention will become apparent from the following detailed description, 
taken in conjunction with the accompanying drawings, illustrating by way of example the principles of the invention. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The present invention will be readily understood by the following detailed description in conjunction with the 
accompanying drawings, in which like reference numerals designate like structural elements. 
15 [0025] Figure 1 depicts a typical prior art semiconductor process cluster tool architecture illustrating an atmospheric 
transfer module that interfaces with a vacuum transport module, wherein a load lock receives wafers for transfer to the 
vacuum transport module. 

[0026] Figure 2A is a plan view of a semiconductor process cluster tool architecture according to the present inven- 
tion, illustrating a vacuum transport module robot mounted for rotation on a fixed axis and carrying a blade that trans- 
20 ports a wafer into a vacuum processing module. 

[0027] Figure 2B illustrates a plan view of the blade carrying a wafer properly aligned with the blade. 

[0028] Figure 2C illustrates a plan view of the blade carrying a wafer improperly aligned with the blade, showing the 

wafer misalignment that may be determined according to the present invention. 

[0029] Figure 3A is a plan view of a portion of one face of the vacuum transport module of the cluster tool architecture, 
25 schematically showing part of a system for dynamic alignment according to the present invention, and showing a 
second sensor used with a wafer having a diameter of 200 mm. 

[0030] Figure 3B is a plan view of the wafer having a 200 mm diameter, illustrating times at which the wafer breaks 
and makes beams of the sensors shown in Figure 3A. 

[0031] Figure 3C is a plan view of the same portion of the face of the vacuum transport module of the cluster tool 
30 architecture, schematically showing part of the system for dynamic alignment according to the present invention, and 
showing a third sensor used with a wafer having a 300 mm diameter 

[0032] Figure 3D is a plan view of the wafer having the 300 mm diameter, illustrating times at which the wafer breaks 
and makes beams of the sensors shown in Figure 3C. 

[0033] Figure 3E is an elevational view of a port of one of the faces, showing three sensors which include fiber optic 
35 cables for supplying light beams which the wafers break and make. 

[0034] Figure 3F is a plan view of the cluster tool architecture system showing two of the sensors per face and fiber 
optic cables connected to beam receivers that generate transition signals for each break and make transition. 
[0035] Figure 3G is a schematic diagram illustrating a card receiving the transition signals and supplying such signals 
to a robot controller. 

40 [0036] Figures 4A and 4B are schematic diagrams showing latency of the sensors and how apparent locations of 
the sensors are determined to eliminate errors due to such latency 

[0037] Figure 5 is a schematic diagram of a logic circuit that provides one output signal per break and one output 
per make transition of the beams. 

[0038] Figured 6A, 6B, and 6C respectively relate the timing of the beam break and make transitions for two sensors, 
45 to the one output signal from the logic circuit. 

[0039] Figure 7 is a bottom view of a calibration wafer used in a calibration process to accurately determine the 
location of the sensors. 

[0040] Figure 8 depicts exemplary data resulting from the calibration process. 

[0041] Figures 9Aand 9B each depict two positions of a wafer during the calibration process, with Figure 9A showing 
50 wafer position relative to a sensor beam that is on the right of a wafer path, and Figure 9B showing wafer position 
relative to a sensor beam that is on the left of a wafer path. 

[0042] Figure 1 0 is a flow chart illustrating operations of the present invention in which dynamic alignment apparatus 
and methods define, as a statement of an optimization problem, the determination of an approximate value of an offset 
of the wafer with respect to a desired location of the wafer in a module. 
55 [0043] Figure 1 1 is a schematic diagram illustrating vectors centered at the rotation center of the robot, and centered 
at the center of the wafer as the wafer is moved relative to the sensors. 

[0044] Figures 12A and 12B, when combined, are a flow chart illustrating the present invention in which operations 
process sensor trigger data and calibrated sensor position data for use in calculations for solving the optimization 
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problem. 



DETAILED DESCRIPTION OF T HE PREFERRED EMBODIMENTS 

modules or chambers ^,7""" ' dCe5 are prov,ded with res P e « to four respective processing 

22s moves ttte pfcSw fSX T^l ^Z^TT 226 , m,he, ° ad l «* 204 - ■ *«< "P«to tlte «,« 
positioned relative to thTESL! ,Z J '" C<, """ £ ' ""*'" " an8tsr paIh 242 ls 

operations in the processing modu e 240 the Tot 228 n It T V XT" 8 m ° dUle ^ Up ° n COmp,etion of 
the robot 228 moves the w afer Z Jt ? * robot 228 P lcks the wafer 208 from the pins 246, In a retract operation 

transport module 202 9 *" ^ Path ^ ,nto ™* ^ the port 234 «* >ack the vacuum 



that has hed ed e 256 I S ^h Tn£S£Z% *" "* ^ 21 0) and 3 S6C ° nd ^ 208N 
a P p r opriate W a f er203 F or 2 0 P 8Nf romo:^ 
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wafer aligner 21 6 positions the wafer 208 in a selected orientation, as described below. The front end robot 212 then 
picks the oriented wafer 208 from the aligner 21 6, transfers the oriented wafer 208F or 208N through the load lock port 
220 into the load lock 204, and places the oriented wafer 208 on the fingers 226. 

[0053] Because of the orienting operation of the aligner 216, as placed on the fingers 226 the oriented wafer 208 
•5 has either the flat edge 252 or the notch 258 in one of many desired orientations with respect to a wafer center 260 
and X and Y wafer axes that intersect at the wafer center 260. One of those orientations of the wafer 208N is shown 
in Figure 2B with the wafer 208N (shown in dashed lines) supported by a blade, or end effector 262 of the vacuum 
transport robot 228. The Y wafer axis may be thought of as extending through noon and six o'clock positions of the 
face of a clock, for example, wherein the wafer center 260 is at the center of the face. With this in mind, the exemplary 
desired orientation depicts the wafer 208N having been rotated on the wafer center 260 so that the notch 258 is at a 
nine o'clock position. It may be understood that the desired orientations of each of the wafer 208N and the wafer 208F 
include having the respective notch 258 at, or flat edge 252 facing, any of the noon, three-o'clock, six o'clock or nine 
o'clock positions, for example, relative to the wafer center 260. 

[0054] Different ones of the wafers 208 may also have different physical characteristics other than the flat edge 252 
or the notch 258. For example, the cluster tool architecture system 200 is adapted to process wafers 208 having 
different diameters. Although many different diameter wafers may be processed, the present invention is described 
with respect to wafers 208 having 200 mm and 300 mm diameters, for example. 

[0055] For a particular manufacturing situation, there is a particular orientation of the flat edge 252 or of the notch 
258 with respect to the wafer center 260. In addition to such orientation, there is an ideal location of the center 260 of 
■> the oriented wafer 208 with respect to a blade center 264 of a blade, or end effector, 262. Such ideal location is depicted 
in Figure 2B in which the wafer center 260 and the blade center 264 are at the same location, with the Y axis of the 
wafer 208 co-extensive with a longitudinal axis 266 of the blade 262. The wafer 208 in the ideal location is shown as 
a disk defined by a dashed circular line in Figure 2B. However, for reasons including those described above (e.g., 
electrostatic chuck performance and handling), the wafer 208 is sometimes located on the blade 262 with the wafer 

25 center 260 out of alignment with the blade center 264. This out of alignment situation is illustrated in Figure 2C by the 
wafer 208N shown by a dashed line. This out of alignment situation corresponds to the "wafer-blade misalignment" 
and "wafer misalignment" described above. Wafer misalignment is characterized by the wafer center 260 being spaced 
from the blade center 264. Such spacing may be in one or both of the directions of the X axis or the Y axis of the wafer 
208, wherein spacings in both such direction are shown in Figure 2C, such that the wafer center 260 is to the left by 

30 an amount delta X and up by an amount delta Y from that shown in Figure 2B. 

[0056] It may be understood that because the blade 262 carries the wafer 208 to the pins 246 in the processing 
chamber 240, the location of the center 260 of the wafer 208 need only be determined with respect to the blade center 
264 and not with respect to any other equipment of the cluster tool architecture system 200. For example, when a 
particular wafer 208 is being transported, once a determination is made as to the amount and direction of the wafer 

35 misalignment, the robot 228 may control the location of the blade 262, and thus control the position of the particular 
wafer 208, so as to eliminate the wafer misalignment when the blade 262 places the particular wafer 208 on the pins 
246 in the processing module 240. With the wafer misalignment eliminated, accurate processing of the wafer may 
proceed in the processing module 240. 

[0057] The blade 262 of the vacuum transport robot 228 is shown in Figure 2B as being in the vacuum processing 
40 module 240. For illustrative purposes, the fingers 226 of the load locks 204 are shown as rectangles superimposed on 
the depiction of the blade 262. The blade 262 is shaped to avoid contact with the load lock fingers 226 during the 
picking operation in the load lock 204, and to avoid contact with the wafer support pins 246 of the processing module 
240. This shape provides an open space 270 between the pins 246 so that the blade 262 will not interfere with the 
operations described below for determining whether there is wafer misalignment. 
45 [0058] Figures 3A and 3C are partial plan views of a face 232 of the vacuum transport module 202, schematically 
showing part of a system 272 for dynamic alignment according to the present invention. The term "dynamic alignment" 
is used herein to denote the present apparatus and methods which determine the location of the center 260 of the 
wafer 208 with respect to the center 264 of the blade 262 as the blade 262 moves the wafer 208 through one of the 
ports 234 from the vacuum transport module 202 to one of the processing module 240, or through one of the ports 234 
50 from the processing modules 240 into the vacuum transport module 202, for example. For each face 232 and type of 
wafer 208 having a particular diameter as a selected physical characteristic, the system 272 includes two sensors 274. 
For a system 272 for wafers 208 having the 200 mm and 300 mm diameters, each face 232 has one sensor 274, 
identified in Figures 3A and 3C as sensor 274 : 1 , and one of two further sensors 274, identified as sensors 274-2 and 
274-3. 

55 [0059] For ease of description, Figure 3F shows only two of the sensors 274 (/.a, the two for a 200 mm diameter 
wafer 208-200), whereas each of Figures 3A, 3C, and 3E shows the three sensors 274-1 , 274-2, and 274-3. A first of 
the sensors 274-1 is mounted in a plane parallel to that defined by the face 232 and on a sensor positioning axis 276 
that may be the transverse axis of the port 234 adjacent to that face 232. 
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aS B afw a h,? h an ed V 5 £ ^^T£ t *T* "» *« 2 34, successive times t1b, 

3B is aligned with Figured to s^ow Jha the fir t " olf, ^ the reSPeCtive Sensors 274 ' 1 or 274-2. Figure 
distance 278. For use witnlhe wTr 208 £» ! 5" * ,pa0ed U ° m Wafer trans P° rt P ath 244 by a first 

defined by the fac 232 and on m ^2Sf2£2^ ^T* 2 iS 8,80 m ° Unted the plane P arallel to *« 
transport path 244 by a second d sLc ^ 280 Fo u 1 L^'tt S n Th6 ^ ^274-2 is spaced from the wafer 
ismountedintheplaneparallel otSde^ 

shown in Figure 3E, which is an I^^J^^S^^^? S6nS ° rS 274 * 
spaced along the sensor positionina axis 276 Ear . «nc„? ot f • « 2 32 showing the port 234 and the sensors 274 

components that determine the location of the sensor 274 inn, ,hL ! k! ! F ° r each sensor 274 - the 

and a beam reefer section 274R above the tT^^^.^^^^^^^P^^ 
aperture 283 machined in the P oS of the fa n&J^Z^lZZTT"" ^ * m ° Unted in an 

the apertures 283 may be relatively ow such s ^ZfZTsolT/^ bato * the 3CCUracy of locatin 9 

of the location of the center 260 of the watere 208 it^SfS? T ] * redUC ' n9 the 3CCUracy of the detection * 
sections 274Treceivea,i gh tbe~^ 

the light beam 284 across the port 234 Figure 3E shows 2 J , If " d by US6 ° f 3 ' enS Upward,v direct 

lens and an output fiber optic cable 274CO mlntn in J™™ reCe,Ver SeCtions 274R ' which deludes a 

[0062] With thfe backgrou d ifma 7^^^^°°^^^ ap6rtUre 283 3bove the P°« 234. 

as "274CO" represent both the input te oT c l e hat ^ aSe ° f figure 3F, the dashed lines identified 

beam 284 from the respective output S^^SS^iT^f* d6teCt ° r285D that rec -es the 
284 from thecable274CO into an 2850 °° nVert " the incomin9 "'9 ht beam 
^na! is converted into a d ^ 

signal is an output of the sensor body S of to e TnT 2 T & n6^Zl T ' threSh °' d ThS d ' 9ital 
wafer208moves into theport 234 the beam 284 it S!f ed t0 38 3 tr3nsttion si 9 nal 286 - Before a 

285D and a steady state condittono^ 

by the blade 262 between "he I schematically show that when the wafer 208 is moved 

274R, the beam 2B^JSl^SS^ muZ *L°V *" °** 2?4C ° ° f the reCe ' Ver s ^° n 
274 generates the transition signal 286 

opposite sense, once the wafer 208 has JTn^SL S^Sl ^ ° ' nd ' Cate breakin9 ' 3n 
receiver section 274R and has broken the beam JT 21 2 V I , 60 thS ,ransmitter se <*°n 274T and the 
the wafer 208 completely througMhe ^ort 234 s^l tn? h it C ° nditi ° n eX ' StS Until the b,ade 262 ™*es 
284 is said to be At this juncture, the beam 

transition signal, indicated in Figure 3F as 286M to ^^T* nSOr 274 Senerates another 

signals 286B and 286M a^Mitted from tt lZTT ToT^ 3F 3nd 3G Show »* the tra ™tion 

connected to an input i^^^L^ b0dy 285 » 3 MnMr mu,ti P ,ex card 288. The card 288 is 

receiver sections 274R eac sensor 27 A bTll J \ , US6d the transmi «er sections 274T and the 
inthesensors274 lpX£te^ 
[0065] ThecostofthesvstemYS 

274-1 one end of each of the cables 274CI and ?74rn mo T < , t0 be P rocesssd > ^ the first sensor 

283 corresponding to the Z sensor 274 Fill er h " * °£? " h 3 reSpeCt,Ve 0ne of the a P ert "^ 

be optically mounL to ^^i^^^^J^^^ 'T^™ ^ ^ ™* 
285-1 ) that corresponds to the first sensor 274-1 h6 SenS ° r body 285 < see sensor bod V 

[0066] For the second sensor 274-2, one end of each of the cables 274C, and 274CO may be optica,* mounted in 
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a respective one of the apertures 283 corresponding to the second sensor 274-2. The other end of such cables 274CO 
and 274CI may be optically mounted to the respective emitter 285E-2 and detector 285D-2 of the sensor body 285 
(see sensor body 285-2) that corresponds to the second sensor 274-2. Such cables are identified as 274CI-2 and 
274CO-2 to indicate use with the second sensor 274-2. 

5 [0067] Figure 3E shows that when the 300 mm diameter wafer 208-300 is to be processed, the ends of the cables 
274CI-2 and 274CO-2 that were used with the ap rtures 283 of the second sensor 274-2 are moved, or relocated, and 
are optically mounted in a respective one of the apertures 283 corresponding to the third sensor 274-3 (see cables 
274CI-3 and 274CO-3 shown in dashed lines in Figure 3E). Figure 3G shows that the other ends of the cables 274CI- 
2 and 274CO-2 remain optically mounted to the respective emitter 285E-2 and detector 285D-2 of the sensor body 

10 285-2. However, to make it clear that such sensor body 285-2 with the relocated cables 274CI-2 and 274CO-2 functions 
as a third sensor body, such third sensor body is identified as 285-3 and shown in dashed lines in Figure 3G. Also, the 
relocated cables 274CI-2 and 274CO-2 are shown in dashed lines and identified as 274CI-3 and 274CO-3. Also, the 
emitter 285-2 connected to the cable 274CI-3 is shown in dashed lines and identified as 285E-3 and the detector 285-2 
connected to the cable 274CO-3 is shown in dashed lines and identified as 285-3. 

is [0068] As a result of having one sensor body 285 provide these two functions, the number of the substantially higher- 
cost components (the sensor body 285) is reduced by one for each of the faces 232, such that in a six face architecture 
system 200 six sensors 274 are rendered unnecessary. 

[0069] Figures 4A and 4B illustrate an effect of each of the sensors 274 having its own unique latency period L one 
(LB) for the breaking transition, and one (LM) for the making transition. Figure 4A depicts an extend movement of the 
x> wafer 208. Such latency period LB is a period of time that starts at a first time t1 b at which the beam 284 is broken as 
the sensor 274 senses the wafer 208 moving in the path 244 through the port 234. Referring to Figure 4B, the period 
of time LB ends a later time t1 bAPP. By time t1 bAPP the transition signal 286B has arrived at the input port 289 of the 
robot controller 290, and in response to the transition signal 286Bthe robot controller 290 has stored the data described 
below as representing the position of the robot 228 in a register 292. The transition signal 286B indicates that the 
sensor 274 sensed the wafer 208 breaking the beam 284. The "APP" is used in "tlbAPP" to indicate the time of an 
apparent location of the sensor 274. 

[0070] In terms of movement of the wafer 208 along the path 244, Figures 3B, 3D, 4A and 4B show that the latency 
period LB, for example, is a finite amount of time delay that exists between the time t1b at which the sensor 274 is 
"tripped" (in response to the beam 284 being broken) and the time t1 bAPP at which such data representing the position 

30 of the robot 228 is stored. Since the wafer 208 was moving during the interval of the time delay from time t1 b to t1 bAPP, 
at that later time tlbAPP the leading wafer edge 254 or 256 that broke the beam 284 of the sensor 274 will no longer 
be exactly over the sensor 274. Because the time delay is repeatable and the velocity of the robot blade 262 (and of 
the wafer 208) are relatively constant overthis time delay, the errorfrom this delay may be eliminated. Figure 4B shows 
that such elimination is by using, as the location of the sensors 274 for purposes of determination of wafer misalignment 

35 jn the breaking transition, an apparent location XYBAPP of the sensors 274. 

[0071] It may be understood that the latency period LM is also a finite amount of time delay that exists between the 
time t1 m at which the sensor 274 is "tripped" (in response to the beam 284 being made) and the time t1 mAPP at which 
such data representing the position of the robot 228 is stored. Since the wafer 208 was moving during the interval of 
the time delay from time t1m to t1 mAPP, at that later time t1 mAPP the trailing edge 296 that made the beam 284 of 

-to the sensor 274 will no longer be exactly over the sensor 274. Because the time delay is repeatable and the velocity of 
the robot blade 262 (and of the wafer 208) are relatively constant over this time delay, the error from this delay may 
also be eliminated. Such elimination is by using, as the location of the sensors 274 for purposes of determination of 
wafer misalignment in the making transition, an apparent location XYMAPP of the sensors 274. 
[0072] The apparent location XYBAPP is the position in the Cartesian coordinate system that the sensor 274 would 

•*$ have if the sensor 274 were infinitely fast and if the data representing the robot position was stored in the register 292 
at the same time as in the real system {i.e., at time tlbAPP). The apparent location XYMAPP is not shown in Figure 
4B, and is a position in the Cartesian coordinate system that the sensor 274 would have if the sensor 274 were infinitely 
fast and if the transition signals 286 arrived at the robot controller 290 at the same time as in the real system {i.e., at 
time tlmAPP). 

so [0073] The calibration process described below is used for determining each of the apparent locations XYBAPP and 
XYMAPP of the sensors 274, for each of extend and retract operations. 

[0074] In accordance with the present invention, the respective latency periods LB and LM for each sensor 274 in 
each of the respective breaking and making transitions are taken into consideration in the selection of the respective 
values for the distances 278, 280, and 282 for the spacing of the respective sensors 274-1 , 274-2, and 274-3 along 
55 the axis 276. This is illustrated in the plan views of Figures 3B and 3D which respectively show the 200 mm diameter 
wafer 208N-200 and the 300 mm diameter wafer 208N-300 moving horizontally f jewardly in Figures 3B and 3D, such 
that increasing time is measured downwardly). Also, the break and make transition events are shown by dots 292. For 
example, dot 292-2b corresponds to the time t2b at which the first beam 284-1 of the first sensor 274-1 is broken by 
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whichT H»t ° f W3fer 2 ° 8 " 200 - ™ e time t1 bAPP ' re P rese "ting the end of the latency period LB and the time at 

me leoond teZ 6S T 9 r ° b0t P ° Siti0n iS St ° red in the re 9 ister 292 < is shown occirtng before the me S o 
the second break transition represented by dot 292-2b. Figure 3B shows that the beam 284 2 of th. IT 
274-2 was broken first by the edge 254 of the 200 mm diameter wafer ^8-200 ^S^^^S^ 
non-symmetncal with respect to the path 244, the data representing the robot position is^d i the rTglster 292 
before the second breaking of the beam (represented by dot 292-2b) which occurs at time t2b 9 
[0075] As an example of the making transition, dot 294-lm corresponds to the time t1 m at which the first beam 284 1 

Z sens r 8 2 T{ T^e im 'ITpp * 296 ° f the ed9e 254 ° f the Wafer ^ZTe^l 

llnHnJ t i I ' V mAPP ' re P resentin 9 end of the latency period LM and the time at which data reore 
senting the robot position is stored in the register 292, is shown occurring before the time t2m oV^te IE 

the Pr i e h n S ^ ? 94 " 2m - thiS mannSr ' b6CaUSe the diStances 278 and 280 «* ^ sfZ^lZ^l rToTxo 
EfiZ^ZSZ*** r ° b0t Wi " be *» «" - - seconZ^onhe 

[0076] Figure 3D shows a similar situation for the 300 mm diameter wafer 208N-300 with the exceotion fh*t th« 
beam 284-1 of the first sensor 274-1 is broken first at time t1 b (dot 292-1 b), the be! 284-3 of the Sensor 274 3 
is broken next at time «2b (dot 292-2b), the beam of the third sensor 274-3 s then mad , « time tVm d^Tl m f and 
then the beam 284 of the first sensor 274-1 is made at time t2m (dot 294-2m) ( 1 d 

[00771 As noted above with respect to Figure 3F, the vacuum transport module 202 may be used with an exemplary 
IX 9 24 °' SinCe 3 ^ 208 may be tranS P° rted throu 9 h the 234 of any of he faces S 

7^::r 2 TZ7oT: 240, the three sensors 274 shown in Figures sa and 3c ™* p^z^ 

286 tc b o?n e ff " «" I'" 9 transportin 9 of a wafer 2 08 it is possible for an output of transition signals 
286 to be generated from any of the processing modules 240 signals 

E 3oS^h S 3 ? ChematiC dia9ram ° f 3 ,09iC CifCUit 302 in the f0rm of an arra V of exclusive-or gates 304 An 
teT th. ° f t eaC J aXC,US,Ve - or 9 ate 304 is active r one or the other, but not both, of inputs 308 is active In different 
terms, the output 306 ,s active if the inputs 308 are different. Circuit 302 has six pairs of the inputs 308 r e Lri«nZ 
the outputs of each of the two active senses 274 of each of the six faces 232 of «? ^P^nting 

240. One of the inputs 308-1 may correspond to the output of ^^^^£^^^^7 

TZ\7I7 of the , inputs 308 - 2 may correspond to the out p ut of the s^JTaTZ^T^ 

may be p 4 tided" & *' ^ ^ "* ^ " "» 240-2^^40 6 

[0079] In response to an input transition signal 286 on only one of the inputs 308-1 or308-2 of only one of the modules 1 
240, a s ngle signal 31 0 is generated by the logic circuit 302 on a main output 312. Figures 6A ftrouah ectho^S 
he single signal 31 0 transitions from a iogical zero to a logical one whenever any of tSSJliJ^i^^ 
transrtions .n either direction. Figures 6A and 6B show the times of occurrence of the ^Z^blLZ^l 
be.ng broken or made by the moving wafer 208, and after the latency periods L h«i3^2JTSS^ 

transition signals 286 resuming from the breaking or making of the beam 284 In Figures 6A and 6B the time duZth! 

[0080] In a typical sequence for determining possible wafer misalignment atatimetOthewafer?nftM onnic^ • 

31 a h C °h ^ti 601 Vel ° City t0Ward th6 P ° rt 234 ' n th6 Path 244 - Both of * e sensor beZs 284 * afd 284 2 afe unb^cS 
such that there ,s 100% of the respective beam 284-1 and 284-2 received by both of the fmStl s^ZTSar 
Further, no transition is indicated, and thus the value of the main W*0b^ M £Z^^™ 

T'el ZTeaZ12r PP ^ TTl R9Ure 3B) COnres P ondin 9 * »e apparent location of the sensor 274-2 
there is the beam transition caused by the leading edge 254 of the wafer 208-200 breakinq the beam 284 2 of th. 
second sensor 274-2. The beam 284-2 of the second sensor 274-2 is shown in f^S^^Z^^ 
resuming transrt.on signal 286 goes high (such that one input 308-1 is different from the other input ao^JaTSS-t 
the mam output signal 310 goes to a binary one to represent this transition. Figure 6B shows Xa the intensiW o the 

t^^Z ST';^ C ° ntinUeS ^ 10 ° % - Th6re iS "° bSam 284 1 •"n-d^ZS^SSSS 
286, and the wafer 208 continues to moving at a controlled velocity 9 

[0082] Attimet2bAPPtheleadingedge254ofthewafer208N-200breaksthebeam284-1 of the first sensor 274 1 

£° r # V K Sam tranS " i0n ' ThS bSam 284 " 1 ° f thS firSt sensor 274 - 1 is shown going to a low ETSS.^ 
intensity of the beam 284-2 of the second sensor 274-2 stays low and the wafer 208N-200 continued to mov 5 h * 
umtom. veloatyThe resulting transition signal 286 from the first sensor 274-1 goes Z.St 
transition sensed by the second sensor 274-2, the input 308-2 is different from th 'inp J ^OsT'turtSS a 310 iZ 
ma,n output signa. 310 goes oppositely to a binary zero to representthistransftion.Thlt^^^^ 
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and 284-2 of the respective first and second sensors 274-1 and 274-2 continue low, there is no other transition signal 
286, and the wafer 208N-200 continues to move at the uniform velocity. 

[0083] TimetlmAPP corresponds to the appar nt location YMAPP of the first sensor 274-1 for the make transition. 
At time t1 mAPP the trailing edge 296 of the wafer 208N-200 makes the beam 284-1 of the first sensor 274-1 , and there 
5 is the resulting beam transition. The resulting transition signal 286 from the first sensor 274-1 is applied to the one 
input 308-1 , causing the main output signal 31 0 to go oppositely at 310-3 to a binary one to represent this transition. 
The beam 284-1 of the first sensor 274-1 is shown going to 1 00% while the intensity of the beam 284-2 of the second 
sensor 274-2 stays low and the wafer 208 continues to move at the uniform velocity. 

[0084] Time t2mAPP corresponds to the apparent location YMAPP of the second sensor 274-2 for the make transi- 
w tion. At time t2mAPP the trailing edge 296 of the wafer 208N-200 makes the beam 284-2 of the second sensor 274-2, 
and there is the resulting beam transition. The resulting transition signal 286 from the second sensor 274-2 is applied 
to the input 308-2, causing the main output signal 310 to go oppositely at 310-4 to a binary zero to represent this 
transition. The beam 284-2 of the second sensor 274-2 is shown going to 100%, the intensity of the beam 284-1 of 
the first sensor 274-1 sensor stays at 1 00% and the wafer 208N-200 continues to move at the uniform velocity. At this 
juncture, the movement of the wafer 208N-200 for wafer misalignment determination is complete and the system 272 
awaits processing of data representing the location of the center 260 of the wafer 208N-200 with respect to the center 
264 of the blade 262. 

[0085] The main output signal 31 0 described with respect to Figures 5 and 6C is used in conjunction with data as to 
the precise location of each of the sensors 274 for each of the modules 240. In detail, for every transition 310-1, 310-2, 

20 and 310-3 of the main output signal 31 0 the precise location of each of the sensors 274 is known. This location data 
is provided by a calibration method using a calibration wafer 208C having known physical characteristics. For example, 
the calibration wafer 208C shown in Figure 7 may have a 200 mm diameter and a raised portion 320 on the bottom. 
The portion 320 is shaped to fit tightly in the open space, or pocket, 270 (Figure 2B) of the blade 262. Use of the 
calibration method also assures that certain characteristics of the described apparatus are taken into consideration in 

25 providing data as to the precise location of the sensors 274 with respect to the robot 228. For example, the location of 
the axis 230 of the robot 228 may vary from one module 202 to the next. Also, there may be differences from one 
module 202 or 240 to the next in the latency periods LB and LM, such that the effective location of a particular sensor 
274 in space may be slightly different than the actual location. 

[0086] The calibration method starts with an operation of identifying whether an extension operation, or a retract 

30 operation, is to be performed, and identifying the particular module 240 to be calibrated. Next, there is an operation of 
clamping the calibration wafer 208C on the blade 262 with the raised portion 320 tightly in the pocket 270. The robot 
228 is then given a command to "arm the capture function." This prepares the system 272 for the operation of the 
sensors 274. In a next operation the robot is commanded to move, as by retracting from the port 234 of the particular 
module 240 that is being calibrated. During the move, a record data operation records a value of a radius R and an 

35 angle Theta (T) based on the transition signals 286 from the sensors 274. 

[0087] Typical values of R and T are shown in Figure 8 for the retract move. The first three entries in Figure 8 are 
not significant because they are not generated in response to the wafer 208C, whereas entries 4 through 7 are signif- 
icant because they are generated when the wafer 208C passes the sensors 274. The typical data indicates that the 
height, or "Z" value, of the wafer 208C stays the same since the robot 228 moves the wafer 208C at a constant height. 

40 The typical data represents a face 232 of the module 240 similar to Figure 3B in which the first sensor 274-1 is located 
at the distance 278 away from the wafer movement path 244, whereas the second sensor 274-2 is located at the 
distance 280 away from the path 244. The distance 278 is greater than the distance 280, so that as shown in Figure 
3B the second sensor 274-2 generates the first and last transition signals 286 (corresponding to data entries 4 and 7), 
and the first sensor 274-1 generates the second and third transition signals 286 (corresponding to data entries 5 and 6). 

45 [0088] As shown in Figure 8, the variation in the value of Theta was only 0.005 degrees, which is not significant. 
Since the variation of the Theta values is small for any normal extension or retraction, the average value is used in the 
calibration routine. In this example, the average value is 358.940 degrees. 

[0089] It is to be understood that similar values of R and T are obtained for the extend move, and for efficiency of 
disclosure are not shown. The first four entries for the extend move are significant because they are generated in 

50 response to the wafer 208C passing the sensors 274. whereas the last three entries 5 through 7 are not significant. 
The typical extend data also indicates that the height, or "Z" value, of the wafer 208C stays the same since the robot 
228 moves the wafer 208C at a constant height. The typical extend data also represents a face 232 of the module 240 
similar to Figure 3B in which the first sensor 274-1 is located at the distance 278 away from the wafer movement path 
244, whereas the second sensor 274-2 is located at the distance 280 away from the path 244. The distance 278 is 

55 greater than the distance 280, so that as shown in Figure 3B the second sensor 274-2 generates the first and last 
transition signals 286 (corresponding to data entries 1 and 4), and the first sensor 274-1 generates the second and 
third transition signals 286 (corresponding to data entries 2 and 3). 

[0090] Figures 9A and 9B show four portions of the calibration disk 208 along the path 244. In Figure 9A the wafer 
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beam 284 2 of fht Zf ^ *" ^ 284 " 2 ° f S6nS0r 274 " 2 " The wafer 208 in P°^" M-2 is just making the 

sense; 274 1 and in n r S ^ ^ ^ ^ 208 h P ° Siti ° n ^ 1 fe i ust ^9 the beam 284-1 of he 

Slalna r?.? ' S f JU lT akin9 thS b6am 284 " 1 • ThUS ' Fi9ures 9A and 96 show that the respect ve 

edge of t e wlr rfdfus fR *«Tf ^ T* T" 284 * ThiS information " alon9 wrth th « 

eoge ot tne water radius (R) and the location of the robot 228 when the sensor 274 transitioned allow th» wncnr 

ocatjon (center of aperture 283) to be determined. Considering the first and last transSt d the date i Raur 8 

the difference behveen the location of the wafer center 260 when the beam 284 is first broklnandMeZl^ 

h^ 

mm^r q cSi" f the distance between the wafer centers or 2.9548 inches. The value of R is the wafer radius 1 00 
mm or 3.9370 inches. The distance b to the sensor 274 will be given by ' 



b = R sin(6) 

where 



6 = cos' 1 {aJR) 



R s= J(R T +a)* + , 



2 

b 



where is the captured value of the lower wafer position. The angle to the sensor,. s _ is given by 



6 s = e 7 -±tan"V(fl T +a)] 



l « T 9 e o ( £ eta ValU6) ° f thS Path - The * Si9n iS determined »V the side of the path 244 that the 

2„ a , T TJ e$UttS 10 aCCUratS determinati °ns of the locations of the sensors 274 1 and 274 2 in 

coordinates for each of the extend and retract movements, and with respect to the polar coordinate sitem of the £ 

S 2? a 9 ? 6 264> f ° r the partiCU,ar a ™°*™nt of sensors 274 I.e., spacings 278 280 and 282^ 
[0092] A similar calibration is performed with respect to the third sensor 274 3 L „„tT* !' ■ 

« Ster 292 C Ji2?iS T f " 0UtPUt enC ° derB 322 ^ by r ° b0t m ° t0rS 324 and is *™* the 
esCe f2 rh. lnc 7 ♦ 9nm6nt m ° Vement iS COmp,ete ' the controller 290 Remits the combined data (rep- 
ZZ^JZZZZf?™ ^ C ° rreSpondin 9 blade P° sit ^> to a system controlier 326. The system Z 

[0093] It may be understood, then, that the system 272 and the related method provide apparatus and a method of 
wafer alignment that operates while the wafer 208 is being transported without increasing the wafe^ransport time 
that ,s wthout reduang the contro.led velocity, or the rate of transfer, of the wafer 208 among *e rnodu SSToSS 

loT o T 9 throu 9 h - beam S6nsors 274 to make wafer alignment determinations 

Stion " ^ t0 Tab ' e 1 be '° W ' Wher6in the Vari ° US data d6SCribed above is «PW for efficiency of 
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Table 1 

INPUTS FOR PROCESSING 
THE OPTIMIZATION PROGRAM 

1. Data representing locations of the end effector at times of sensor 
transitions. 



2. Data indicating whether the end effector is moving in an extend or a 
retract operation. 



3. Calibrated sensor position data for the extend operation. 



4. Calibrated sensor position data for the retract operation. 



5. Data indicating the radius of the wafer. 



25 [0095] The data in Table 1 , item 1 , is described as "representing locations of the end effector at times of sensor 
transitions." For example, one of such "times of transitions" corresponds to the above-described exemplary time t1 bAPP 
at which the transition signal 286B has arrived at the input port 289 of the robot controller 290. In response to each of 
the two exemplary transition signals 286B the robot controller 290 stores data in the register 292 representing the 
position of the robot 228 at the time of the particular transition signal 286B. Similarly, at the time of each of the two 

30 exemplary transition signals 286M the robot controller 290 stores data in the register 292 representing the position of 
the robot 228 at the time of the particular transition signal 286M . Once the wafer alignment movement is complete, the 
controller 290 transmits the combined data (represented by the sensor locations; and the corresponding blade posi- 
tions, i.e., the positions of the robot 228 at the time of the transitions) to the system controller 326. The data in Table 
1 , item 2, is described as "Data indicating whether the end effector is moving in an extend or a retract operation." This 

35 data is acquired by knowledge of where the robot is when the motion begins and the target position for the motion. 
[0096] The data in Table 1 , item 3, is described as "Calibrated sensor position data for the extend operation". The 
data in Table 1 , item 4, is described as "Calibrated sensor position data for the retract operation." These data are the 
data described above as resulting from the calibration of the three sensors 274-1 , 274-2, and 274-3 for the respective 
extend and retract operations. This data representing the location of the sensors 274-1 , 274-2, and 274-3 is stored in 

•*0 the register 292 separately for each of the extend and retract operations. With such accurate sensor locations available, 
each time the signal 310 is output to the robot controller 290 for a transition (e.g., 310-1), the signal 310 indicates the 
location of one of the edges 254, 256, and 296 of the wafer 208. 

[0097] The data in Table 1 , item 5, is described as "Data indicating the radius of the wafer". This data is derived from 
the size of the particular wafer 208 that is being handled, I e. t a 200 mm or a 300 mm diameter, for example. 

45 [0098] As a preface to describing the determination of an approximate value of an offset of the wafer 208, reference 
is made to Figure 2B and the above description of the ideal location of the center 260 of the oriented wafer 208 with 
respect to a blade center 264 of the blade 262. As shown in Figure 2B, the wafer center 260 and the blade center 264 
are at the same location, with the Y axis of the wafer 208 co-extensive with a longitudinal axis 266 of the blade 262. 
The wafer 208 in the ideal location is shown as a disk defined by a dashed circular line in Figure 2B. Such ideal location 

50 corresponds to a desired location of the wafer 208 within the load lock 204, or within a processing module 240, for 
example. Such desired location of the wafer 208 is the one for which the processing module 240, for example, is 
designed for accurate processing of the wafer 208. The system controller 326 identifies the desired location of the 
wafer 208 in terms of original target coordinates X and Y of a desired wafer location coordinate system. 
[0099] For the reasons noted above (e.g., problems with the electrostatic chuck), the wafer 208 is sometimes located 

55 within the module 240 or load lock 204 other than at the desired location. As a result, when the robot 228 causes the 
end effector, or blade, 262 to pick up the wafer 208, the wafer 208 is misaligned on the blade 262. Referring to Figure 
2C, the center 260 of the misaligned wafer 208 is out of alignment with the blade center 264 (see the dashed line in 
Figure 2C), which condition is described above as "wafer misalignment". This wafer 208-end effector 262 misalignm nt 
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• tan atthe desired lodaL Sddh oM £2 l'„ 7£l , 0,9 moaule 240 " '° ad "«* 204 •*« 

as described aboye. a "° n - Sl " : '" ! " se " e!u,,sm ' he * 0 »dm, S al, s „ me „,, whioh la detetirfned in thereto operator,, 

wafer 208-end elfeetor 262 ItaM met I*. »T P ° Z 9 m ° dU ' e 24 °' fo ' 4xampla ' *• *d«e-desdnbed 

errdra will likely oodu, In MerZTZT^^l™ L . ? ' he deSted ' ocafon ' and P™<*asin9 
system, the plLhert of to wXc, enT^" 168 X an ° Y °"" a deslred ""^""""on oodrdinate 

- sl 'c Zp'ssr:;^ dunn8 ,* er , " e re,raa ° r me ^ ■*«-*»-. »« » » 

component and the "e," component as mavh.whlT !, ! 1 ' S " d ' ng p0SSlble ones of the " e *" 
(Figure 2C ). Having XZZ I m oZZ^o!Z£ZZ^ ^ST I* ^ miSa ' i9nme;;t 

lem, the deLninatioTo ^ <° define as a statement of an optimization prob- 

the wafer 208 in the module 1(Sbfa?™S m ? * W8fer 208 Wlth respect t0 the desire d location of 

movement 5 tto^^ re ^ to T2^^ fT^"'* 9 to the diameter 0f the wafer 208 - ™s 

SSBBandtwotrans^l inS by ^l 0 " 408 WhiCh »» transition 

' diagram illustrating v^ 

Y axes. The center 41 0 and S'ese Sees X a^dY S2L J5? ^^^410 indicated by the intersection of X and 
line RH) is indicated at n^^^ZTZSl uTT** ^ A **« h °™ P ° Siti ° n ( See 
location of the wafer 208 on the blade cenTeT 4 1 2 £ thL* onl * 8 V6Ct ° r V' C6ntere d at the desired 

™-9hthe^ 

aces 232. Based on the illustrated diameter of the wafer 208, only the two sens^rf 274 1 fit ™ , * ^ 

through the port 234 ca^ur ^ o the mZm* fndl^nT' *" m ° Vement ° f "» ^ 208 
sensors 274-1, 274-2 and 274-3 has been IZH 1 Z J 1 representing the location of the 

each time the signal 310 i is fl^^S^l^ T ?"* ^ ^ M *> 

Sp^^^ 

As noted above, the" system c 0 SSTSJ^TSTd t" 9 " ^ ^''^ t0 ° Mr 326 ' 

discussed below. 33 data pr0cessor ' and °P 6rates t0 P™ide the processing 
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[0107] Operation 424 defines, as a statement of an optimization problem, the determination of an approximate value 
of the offset of the wafer 208 with respect to the desired location in the processing module, for example. This statement 
of the optimization problem is by way of the following equation (1): 



[0108] The symbols included in equation (1 ) will be described below. 

[0109] In operation 426 a standard optimization operation is performed to determine an approximate value of the 

offset of the wafer 208. The details of operation 426 are set forth in Figures 12A and 12B described below. 

[0110] In operation 428 the wafer 208 is moved by the end effector 262. During the move the offset obtained in 

*5 operation 426 is used to modify the original target coordinates of end effector 262. which provides the modified target 
coordinates. The modified target coordinates differ from the original target coordinates by an amount approximately 
equal to an error "e" The error H e" has components "e x ", and "e^" which are set forth in equation (1) above. This 
provision of the modified target coordinates occurs without decreasing the rate of movement of the wafer 208 through 
the port 234 or further into the processing module 240, for example, such that as soon as the robot 228 positions the 

20 wafer 208 at the modified target coordinates, the wafer 208 is immediately placed at substantially the desired location 
and the general program 400 is done. 

[0111] Figures 12A and 12B, when combined, depict a flow chart illustrating suboperations of operation 426 for 
processing the data from Table 1 , including sensor trigger data and calibrated sensor position data, in calculating a 
solution of the optimization problem. In suboperation 430, the above data from Table 1 is input to the system controller, 

25 or processor, 326. Operation 426 then moves to suboperation 432 in which the data input from Table 1, item 1 , is 
converted from ASCII characters to a double precision numerical expression of the value. Operation 426 then moves 
to suboperation 434 at which a decision is made as to whether the wafer move is an extend operation. This decision 
is based on examination of the data from Table 1 , item 2. If the decision is that the wafer move operation is an extend 
operation, the operation moves to suboperation 436, otherwise the operation moves to suboperation 438. Operation 

30 426 then moves to the appropriate one of suboperations 436 and 438, in which Table 1 , item 3 or item 4 data, respec- 
tiv ly, is read for use in further processing. 

[0112] Operation 426 then moves to the appropriate one of suboperations 440 and 442 according to whether the 
extend or retract operation is currently being performed. Referring to Figure 8 with respect to suboperation 442 (retract) 
as an example, the last four captured positions are shown in the rectangles to indicate assigning those four positions 
35 to the end effector position array, which defines the four vectors " r w1 ," n r^\ "r^", and "r w4 ". A similar assignment is 
made for the extend operation, but the first four captured positions shown in Figure 8 are assigned to the end effector 
position array. 

[0113] In the event that either of suboperation 440 or 442 is performed, operation 426 then moves to suboperation 
444. As shown in Figure 11 , for each of the four sensor transitions (corresponding to the four captured positions in 

40 Figure 8), the estimated wafer center 412 is given by the vector x wi . The vector r^ is stored in the robot register 292 
as a length and an angle 0 measured clockwise from the robot home position RH. At this time the vectors r wi are 
transferred from the robot register 292 to the computer 326. Of the two sensors 274-1 and 274-2 that are used for the 
illustrated particular diameter wafer 208, one sensor is closer to the path 244 that the wafer center 412 takes (see 
sensor 274-2 in this example) and the other sensor is further away from the wafer center 41 2 (see sensor 274-1 ) . Each 

45 sensor 274 is located in space with a vector "r S j." As described above, the location of the sensors 274 has been 
determined through the above-described calibration procedure, and the data resulting from that procedure is inputfrom 
Table 1 , items 3 and 4. In Figure 11 the sensor 274-2 is shown closest to the wafer center 412 and will be the first to 
be broken and the last to be established again after the wafer 208 has passed through the port 234. As a different 
example, if sensor 274-1 number 1 is the closest to the center 41 2, the following respective equations (2), (3), (4). and 

50 (5) may be written: 



5 




w 



s1 ' r w1 



55 



f p2 ~ r s2" r w2 
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r p3 ~ r s2 " f W3 



r P4 r 5i " r w4 



path of the wafer center 412 Sincere robotS Itl f„ Suboperat,on 444 wnicn determines the nominal 
should follow a straight line (e T^S^^Z^ST " ' mo *' * e Wafer Center 412 

theface232.AllofthUecto^ 

of the action of the robot servo fet I howeve^ ^EZSZ^r** T^ 9 ^ ™' BeCause 
the variation is very small, it is assumed o be ^SSTlLI? ' ab ° Ut thiS Straight line 244 ' Since 

244 of the wafer center 412 is ^SX^S^: ^ ^ * ^ ^ » *" 



4 

2 



9 



9 _ = _L=J_ 



K Vonstr^^^c^'xrr d r ,h v» sor 274 - - — » * 

nominator osnte,412 ana M om.vicK^? „ ? belW °* n " Mh 244 * lte 

«M*w(7)«,d(8)«lota«r ™"° c 274. TOaaeanaleaa,, given by respective 

0 1 =e ^-^si 



e 2 ~ e »vavg ■ ® 5 2 



r01171 Ooeration th^ ^ * f closest to the path of the nominal wafer center 41 2 

cooILte^ 

6< and e 2 according to which he Zesfe smanlr 5, ^ 1 1 ' Subo P eration 448 us ^ the defined angles 

Ration's (9>, (1 0)%^^ 



f Pix=-'- s1 sin(e 1 ) 

W =< V2 sin (e 2 ) 

r «r- r * 008 (92)-'Wa 

/ P3x =/ s 2 Sin ( 9 23) 
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r p4x = - r s, sinfe,) 

5 W =r 5i cos (^i)- r W4 

[0118] If 6 2 < G 1} the conversions represented by the following respective equations (17), (18), (19), (20), (21), (22), 
(23), and (24) are used: 

/ Pix=^2 sin ( G i) 
r Piy =r s2 C0S < e i)- r "i 

15 

r p2v =r s1 sin(9 2 ) 
r P3y = r s^ 00S ( Q 2)^ w3 

r p4x = ' r s2 Sln WJ 

30 

W =r s2 COS ( e i)- r w4 

[01 1 9] Suboperation 448 results in the definition of the vectors r pj as vectors extending from the wafer center 41 2 to 

35 each of the four portions of the edges 254, 256, or 296 of the wafer 208 that either break or make the respective sensor 
274-1 or274-2. An exemplary one of these vectors r p1 is shown in FigureH extending to the sensor274-2 at the time 
such sensor 274-2 is broken, for example. Having defined these vectors r pj , reference is made to Figure 13 which is 
an illustration of a target coordinate system having a center 450 at the location of a wafer 208 when placed at the 
desired location in the processing module 240, for example. Figure 13 shows these four vectors r pj as vectors as 

40 vectors r p1 , r p2 , r p3 and extending from such center 450 to the locations of the portions of the edge 254, 256, or 
296 of the wafer 208 as the wafer 208 is being moved relative to the two sensors 274-1 and 274-2. Such locations are 
shown by points 251-1 through 251-4 corresponding to the respective vectors r p1 . r p2 , r p3 , and r p4 . 
[0120] Operation 426 then moves to suboperation 452 in which an optimization program is called. In suboperation 
452 reference is made to the four points 251-1 through 251-4 defined by the four vectors r pj , which are shown as the 

45 vectors r p1 , r p2 , r^, and r^. These four points 251-1 through 251-4 defined by the vectors r p1 ,r p2 , r p3 , andr^ identify 
the actual location of the portion of the edge 254, 256, or 296 of the wafer 208 at the time the portion of the wafer edge 
254, 256, or 296 causes the sensors 274-1 and 274-2 to transition. Suboperation 452 finds the wafer center position, 
e, which best fits the wafer to the four points 251 -1 through 251-4 defined by the vectors r p1 , r p2 , r^, and r p4 . The edge 
254, for example, of an exemplary "best fit" wafer 208 in position e is shown by dashed lines in Figure 13. Suboperation 

so 452 accomplishes such finding by defining the problem as a statement of an optimization problem, hence the call to 
the optimization program. Suboperation 452 develops the optimization problem as a two dimensional optimization 
problem. The statement of the best fit problem is: "find the wafer center position "e" which best fits the edge 254 of the 
wafer 208 to these four points p 1( p 2 p 3 , and p 4 defined by the vectors r p1 , r p2 , r p3 , and r p4 ." The goal is to determine 
the components e x and which will minimize the sum of the squares of the distances between each vector, r pj) and 

55 the wafer edge (e.g., edge 254). The function to be minimized is given by the equation (1): 
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where R is the radius of the wafer 
[0121] 



40 



45 



50 



55 



the gradient-based algorithm ^ « ftX^C^^^^f^ " M ° re prefe " ed is 

locations of the sensors 274 at the time at whicS TJsZZ < T -l " Wafer 208 and ,he relative 
W- Figures 14A and 14B are illustrations of a three d menst!? ' „ ' by the Vectors 'pl '* 'pa- and 

» every value of e, and e y is plotted fol.o^ o^ «T« " 8TOr * ^ 

values of e x and e y that will yield the lowest error F The lowest eZ F 9 ** ft pr ° b,em is t0 find »• 
surface 460. The term "convergence" is used to indicate thatThe loZ-f "TIT" * * e '° WeSt P ° int 462 on the 

approach recognizes that as the wafer 208 2 n Th p^X wifTn, ThiS ^ nato Va ' Ue « 
S e V: P ° Srti0ned ' S ° 33 10 be placed in ^e desired pin 2 ° 8 ' S 9enera " y ^ close ,0 bein 9 

[0126] Havingselectedandprocessedthreesetso^ 

and form a geometric figure 464 show ,n ^^^^nTTS^r^^^^^^^^ 
is processed, the geometric figure 464 is t^ *£]£^2i " ° ptimi2ation a ^ 

-s a tnangle. Each of the vertices p„ p 2 , and p!o the sUlex Xl L , ° dimensional P rob '*". the simplex 464 
Pa having the highest error F is identified as 466 and is iSl k « ^ t0 determine the error F - Tn * vertex 
base468 of the triangle 464. Themov" a, Z^^S^^^T^^^^^^ 
a new point 466N1 , such that a next triangle 464N1 is fomed C L „ ? ! t0 38 " flip P in 9'" and d ^"es 

464N1 is inserted into equation 25, the values of ■ • iSZ^SSl ? /T P ° int 466N1 ° f "** trian 9 |e 
corresponding to the new point 466N1. Again, the vale of the !rrl p 9 ' "5 reSUtting error F is obtained 
coor , nates of th nexttriang|6464N1 . i^tXte^^"* 9 t0 ^ ° f thS three sete - 

-^^^ until none of the resulting 

until no reflect can be made that ^^iSS^^ ^.T" 46 ° *" the 0ther « 
Figure 14B, the triangle 464 is decreased in siLlTslS^l^! „ " F ' 3 Standard manner de P'<*> d in 
with the vertex 466N. The insertion, cabuhZ^SS?^ " Pld and P *" fore ^P'Mor use 
within a specified tolerance, such as 0.0005 5« ^^S!? "Tl * ° 0rt,nUBd Unti ' 3,1 the errors « 
of the placement of the wafer 208 at the des *JE«Z?„ Z for e *™P^ to the desired accuracy 
* Pi. P3 or p 2new ) having the desired vate repre^Se bXm am" 9 7 ^ Th6 P ° int P ossibl V °- 
the coordinates e x and ^ that define the J7^p£^!£ h f^T' 462 of the surface 460, and has 
four points p„ p 2 and p/defined by the vectors * , ' and, Tht h * ^ 254 ° f the Wafer 208 10 tne 
w.ll have been obtained, and convergence of the p^K 1? , \ ^ a " SWer t0 the P rob,em P°«d above 
[0128] With that answer, as described above in Z27l l™T > T™ h3S been obtained - 

coordinate system, the placement of the wafer 20 > Z been SS'tT* Y ° f ^ Wafer '° Cation 

x and ln suboperatjon 47Q the approx . m J° e 8 ; o a ^,^ e --d to have the error e having the coordinates 

iu 1 29] Having determined and returned the Prmr » th^ «r 
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e., substantially eliminate) the amount of the determined approximate offset e before the wafer 208 reaches the desired 
location in the module 240. In suboperation 472 such compensation is by modifying the original target coordinates to 
which the end effector 262 and the wafer 208 are nominally moved, to provide modified target coordinates. The program 
426 then moves to suboperation 474 which causes the robot 228 to move the end effector 262 and the wafer 208 to 

5 the modified coordinates. As described, the modified target coordinates differ from the original target coordinates by 
an amount approximately equal to the error e, e.g., as defined by the coordinates e x and e y . Having provided the 
modified target coordinates, suboperation 474 is completed when the robot 228 places the wafer 208 at the modified 
target coordinates, such that the wafer 208 is placed at substantially the desired location, andthe operation 426 is done. 
[0130] In the foregoing description, the error e is described as an "approximation" of the offset. Such term is used 

10 in view of the above reference to tolerances in the discussion of the minimization of the sum of the squares of the 
distances between each vector, r pi , and the wafer edge 254. As discussed above, the geometric type of non-optimization 
program does not provide values of wafer offset that have a sufficient degree of accuracy. With respect to the above- 
described wafer offset accuracy of the present invention, e.g., within the exemplary specified tolerance of 0.0005 inches, 
the geometric type of non-optimization program provides substantially less accuracy (e.g., 0.020 inches when typical 

15 levels of measurement error exist). 

[0131] As described above, many optimization programs are suitablefor executing the minimization process to solve 
the best fit optimization problem. Considerations involved in selecting a suitable optimization program include the 
following. 

[01 32] Generally, each of the noted optimization programs provides wafer offset accuracy within a specified tolerance 

20 that is significantly less than that obtained with non-optimization programs. Also, as discussed below, such optimization 
programs will normally have an offset computation time period substantially less than the wafer transfer time period. 
With this in mind, selection of a suitable optimization program may take into consideration the likelihood of non-con- 
vergence, and the effect, if any, of initial non-convergence on the offset computation time period. For the above-de- 
scribed best fit problem, although the likelihood of non-convergence is very low using the gradient program or using 

25 the simplex program, the likelihood of non-convergence using the gradient program is greater than when using the 
simplex program. In other words, the simplex program has a lower likelihood of non-convergence as compared to the 
gradient program. As an example of non-convergence when using the gradient program, in solving the best fit problem 
the computation of the multi-dimensional shape may often proceed such that as the bottom is defined no minimum is 
found. Instead, the gradient search method computation may advance in circles around the shape and not arrive at 

30 the bottom of the shape. 

[0133] Another factor to consider in selecting an optimization program relates to the above-described coordinate 
value selection approach in which the values of delta are very small, such as 0.01 0 inches. As described, initial values 
of coordinates are selected as including zero values. If the gradient approach has been selected and the computation 
does not converge using the above-described initial values of coordinates that include zero values, a second (or more) 

35 set of initial coordinates may be selected (e.g., programmed to be selected in the event of first or second non-conver- 
gence). It may be determined that, with this two (or more) step approach to the described coordinate value selection, 
the overall computation time period, including further recomputations using the second (or more) initial sets of coordi- 
nates, would still be less than the wafer transfer time period. In this case, the gradient algorithm would converge and 
provide significantly improved offset values e.g., within the exemplary specified tolerance of 0.0005 inches. 

40 ■ [0134] If it is determined, for example, for a particular best fit optimization problem in question, that using such two 
or more step coordinate value selection approach, the gradient algorithm would not have convergence within the wafer 
transfer time period, then the most preferred algorithm, the Nelder Mead Simplex optimization algorithm, would be 
used. For other reasons, one may also prefer the Nelder Mead Simplex optimization algorithm. As noted above, the 
likelihood of non-convergence using the gradient program is greater than when using the simplex program. Therefore, 

45 the duration of use of the Nelder Mead Simplex optimization algorithm (i.e., the offset calculation time period) is less 
likely to be more than the wafer transfer time period. Thus, with the Nelder Mead Simplex optimization algorithm there 
is much less likelihood of an inability to reach convergence within the wafer transfer time period, and much less like- 
lihood that the offset computation would be stopped before an offset of a necessary accuracy is obtained. 
[0135] Since the above minimization readily (e.g., within much less than the wafer transfer time period) reaches the 

50 minimum value of the error F having the acceptable tolerance, relatively few difficulties are faced in the present invention 
in keeping the offset computation time period less than the wafer transfer time period. If for example the acceptable 
tolerance is smaller than the exemplary 0.0005 inches, then the processing may be repeated for another computational 
cycle (e.g., decreasing the size of the triangle 464). Using the simplex algorithm, as compared to the exhaustive and 
gradient programs, the processing of such best fit problem will be most highly likely to result in determining a minimum 

55 value for the error F within the wafer transfer time period. 

[0136] Although the foregoing invention has been described in some detail for purposes of clarity of understanding, 
it will be apparent that certain changes and modifications may be practiced within the scope of the appended claims. 
Accordingly, the present embodiments are to be considered as illustrative and not restrictive, and the invention is not 
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Claims 

picking up the wafer from a first location using an end effector; 
s™so7da^ 

processing ^sensor data using an optimization program to deterrnine an approximate va,e of ^ 
2. A method according to claim 1 , further comprising: 

the moving operation including providing a robot to control the moving of the end effector; and 

sensors to produce an item of the sensor data. P P er ° auses one of the 

3 - r r °r the picking up operation ™«* * *• 

the desired wafer location fe n fw'atr procas no modi" * J* 5* * UP ^ ° n the end effector ' 
method further comprising: P r °<*ss,ng module and ,s ■dentffied by original target coordinates, the 

-^theonginaitargetcoordinatesa^ 

4. A method according to claim 1 , wherein the wafer has a radius »R», further comprising: 

Riding a coordinate system centered at the desired wafer .ocation, the system having an X axis and a Y 

^^^X^^^ S f * 3 "*» center of the 

wafer causes a particular one o, £ ^^^^3^ ^ * WhiCh the m0V ^ 
the vectors, the set being identified as ' ex P ressin 9 resulting in a set of 

fr ° m 1 t0 4 ' ° f the VSCtors " V "«* a first component - V and a second 

"2 "»"^ * saving components identified as - 

is located so as to have each v^oT^x^T ^ T * ^ ° f the Wafer when the "afer 
ofthecoincidingbeingfnraSdS^ 

the sum of the squares of 2JT » th * C ° m P onents " e x" and ■ V which will minimize 
to be minimized is gK^en by t0r ^ 
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. A method according to claim 4, further comprising: 

the processing operation being further performed by solving the last mentioned equation using a pair of the 
first and second respective components "r pjx M and "r pV f corresponding to each vector "r p "\ and 

repeatedly solving for "F" by substituting a plurality of values of "e/and "Cy" until the lowest value of "F is 
obtained. 

. A method according to claim 5, wherein the desired wafer location is in a wafer processing module and is identified 
by original target coordinates, further comprising: 

using the values of M e x " and "e^' corresponding to the lowest value of "F to identify the approximate value of 
the offset "e"; and 

modifying the original target coordinates according to the determined approximate value of the unknown offset 
"e". 

. A method according to claim 6, further comprising: 

causing the end effector to place the picked up wafer in the wafer processing module at the modified target 
coordinates to compensate for the unknown offset "e". 

. A method for determining an amount of an unknown offset of a wafer with respect to a desired wafer location within 
a wafer handling system, comprising the operations of: 

using a robot having an end effector to support and move the wafer past a set of sensors adjacent to a particular 
facet of the wafer handling system to produce sensor trigger data; 

providing calibrated sensor position data indicating the effective position of each sensor with respect to the 
particular facet; and 

processing the sensor trigger data and the sensor position data using an optimization program to determine 
an approximate value of the unknown offset. 

. A method according to claim 8, further comprising: 

the processing operation determining calibrated sensor location vectors in a first coordinate system centered 
on an axis of the robot, wherein each calibrated sensor location vector extends from the center of a second coor- 
dinate system centered at the desired wafer location of the wafer, in the second coordinate system one of the each 
calibrated sensor location vectors extending to each wafer edge location corresponding to the robot location at 
the time an item of sensor trigger data is produced, the last-mentioned determining using the calibrated sensor 
position data and the sensor trigger data. 

0. A method according to claim 9, wherein the wafer edge location vectors are identified by "r pj ", wherein "i" has the 
values 1 , 2, 3, and 4 corresponding to four of the items of sensor trigger data; wherein each of the corresponding 
four vectors "r pj " has an "X" axis and a "Y" axis component in the second coordinate system, further comprising: 

the processing of the optimization program determining the location of the wafer that best fits the four wafer 
edge locations with respect to the wafer edge vectors, and wherein the best fit location is obtained by optimizing 
the solution to the following equation: 
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the processing solving the equation for values of Tequal to each of 1 2 3 and4- 
wherem » R " is the radius of the wafer, V pix »is an "X" axis component of \ ' "r . "is a "Y" axis m mnnn 0 „, „, 
V in ^e second coordinate system "e "is a selected "X" avte "J w component of 

offset »e " is aselected If component an approximation of the unknown 

jT m i S 3 sel f cte « ' component of an approximation of the unknown offset, and the optimization is 
performed using a two dimensional simplex algorithm. optimization is 

11. A method according to claim 9, further comprising- 

12. A method according to claim 8, wherein if there is an unknown offset the wafer supported on the ^ • 

Z£S With t T SPeCtt0 3 d6Sired P ° Srti0n ° f the Picked U P wafero " »• enfeSr a 

a nominal target location to which the robot normally moves to place the wafer at the li, w , , 

P-s*n g mo d u,e^^ 

causing the robot to place the supported wafer within the wafer handling system at a position determined bv 
the adjusted target coordinates so that the wafer is placed substantially at the desired ^wafer^aZ * 

1 3. A computer for determining an amount of an unknown offset of a wafer with resort to fl h^i^h . < , *• 
the computer being programmed to perform the following operatbnf " ^ '° Cat,0n ' 

first causing the wafer to be picked up from a first location by an end effector; 

processing the sensor data using an optimization program to determine an approximate value of the unknown 

14. A computer according to claim 1 3, wherein if there is an unknown offset the first causina ooeration ram. m th- 

SSSnlTT 9 f m, ' Sali9ned ^ reSP6Cl t0 3 d6Sired position of the S^t waK the end eff c 
the Zn f h S ^ '° Cati0n iS in 3 wafer P roc ^ing module and is identified b .origin a°ta get coordinates 
the computer being programmed to perform the following operations: 9 coordinates - 

modifyingtheoriglnaltargetcoordinatesac^ordingto the determined approximate value of the unknown offset; 

third causing the end effector to place the picked up wafer in the wafer processing module at the modified 
target coordinates to compensate for the unknown offset. modified 

1 ^o7o^ 

Riding a coordinate system centered at the desired wafer location, the system having an X axis and a Y 
the processing operation expressing the sensor data in terms of a vector extending from the center of thi 

SSS2SK?« of e th effec,ive T°Z 01 each of the sensors at the iL '™ 

wafer causes a part.cular one of the sensors to produce the sensor data, the expressing resulting in a set of 
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the vectors, the set being identified as u r pjl M where T varies from 1 to 4, each of the vectors "r pil * having a first 
component "r p]x " and a second component "r ply> " and 

defining the unknown offset as "e" within the coordinate system, with "e" having components identified as "e/ 
and "e y " extending from the center of the coordinate system to the center of the wafer when the wafer is located 
so as to have each vector approximately coincide with an adjacent wafer edge, the approximation of the co- 
inciding being indicated by determining the value of the components "e^" and "ey" which will minimize the sum 
of the squares of the distances between each vector and the adjacent wafer edge; wherein the function to be 
minimized is given by: 




16. A computer according to claim 15, the computer being programmed to perform the following operations: 

the processing operation being further performed by solving the last mentioned equation using a pair of the 
first and second respective components M r pjx " and "r piy a corresponding to each vector "r pj "; and 

repeatedly solving for "F" by substituting a plurality of values of "e x "and "ey" until the lowest value of M F" is 
obtained. 



25 17. A computer according to claim 16, wherein the desired wafer location is in a wafer processing module and is 
identified by original target coordinates, the computer being programmed to perform the following operations: 

using the values of "e x " and "ey" corresponding to the lowest value of "F" to identify the approximate value of 
the offset "e," and 

30 

modifying the original target coordinates according to the determined approximate value of the unknown offset 
" e 

18. A computer according to claim 1 7, the computer being programmed to perform the following operations: 

35 causing the end effector to place the picked up wafer in the wafer processing module at the modified target 

coordinates to compensate for the unknown offset "e". 

19. A computer for determining an amount of an unknown offset of a wafer with respect to a desired wafer location 
within a wafer handling system, the computer being programmed to perform the following operations: 

40 

first causing a robot having an end effector to support and move the wafer past a set of sensors adjacent to 
a particular facet of the wafer handling system to produce sensor trigger data; 

providing calibrated sensor position data indicating the effective position of each sensor with respect to the 
particular facet; and 

45 processing the sensor trigger data and the sensor position data using an optimization program to determine 

an approximate value of the unknown offset. 



20. A computer according to claim 1 9, wherein the processing operation determining calibrated sensor location vectors 
in a first coordinate system centered on an axis of the robot, wherein each calibrated sensor location vector extends 
from the center of a second coordinate system centered at the desired wafer location of the wafer, in the second 
coordinate system one of the each calibrated sensor location vectors extending to each wafer edge location cor- 
responding to the robot location at the time an item of sensor trigger data is produced, the last-mentioned deter- 
mining using the calibrated sensor position data and the sensor trigger data. 

21. A computer according to claim 20, wherein the calibrated sensor location vectors are identified by H r pi ," wherein 
T has the values 1 , 2, 3, and 4 corresponding to four of the items of sensor trigger data; wherein each of the 
corresponding four vectors "rpj" has an "X" axis and a "Y" axis component in the second coordinate system, and 
wherein the processing of the optimization program determining the location of the wafer that best fits the four 
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the processing solving the equation tor values of Tequal to each oil 2 3 and 4- 
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FIG. 2B 
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FIG. 2C 
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FIG. 3D 
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FIG. 7 
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